The molecular and cellular bases of how West Nile virus (WNV) infection impacts the human host and consequent antiviral immune responses are not well understood. One important research question, confined at present to animal and in vitro modeling \[[@R1]\], is the extent of interferon (IFN) responses in the control of viremia early after infection onset. Implementation of WNV nucleic acid-amplification testing (NAT) of US blood donors allowed us to identify individuals who were in the earliest stages of infection at the time of their donation \[[@R4]\]. To define the kinetics of viral replication and IFN-mediated host responses to WNV infection during the earliest stages of viremia, we longitudinally analyzed viral loads (VLs), serological data, and plasma cytokine and chemokine levels in infected blood donors before and after seroconversion during the acute phase of infection.

***Subjects, materials, and methods*** The health of each donor was assessed on the day of donation by interview and measurement of blood pressure, pulse, temperature, and hemoglobin and hematocrit levels. Individuals who were prescribed antibiotics or whose temperature was \>99.6°F were excluded from donating. NAT (Procleix WNV transcription-mediated amplification \[TMA\] assay \[Gen-Probe/Chiron\]) for WNV RNA identified 245 viremic donors, and all were subsequently enrolled into institutional review board-approved follow-up studies during 2003-2004 \[[@R5]\]. Donors were followed up weekly for 4 weeks and monthly for up to an additional 2 months. TMA-reactive index donations (obtained on day 0) were considered to be positive for WNV if results of either an alternative TMA assay were positive or anti-WNV IgM antibodies were detected in the index donation or a follow-up specimen \[[@R5]\].

Of the 245 viremic donors, a subset of 31 individuals (13 from 2003 and 18 from 2004) who contributed 31 index and 128 follow-up specimens were further evaluated in the present study. Selection criteria were based on the availability of at least 2 serial samples, including the index donation, that tested positive for WNV RNA by TMA and negative for anti-WNV IgM antibody. Control specimens consisted of 194 plasma aliquots collected from adult blood donors when there was no WNV activity in the community. Control samples were unlinked from identifiers after documentation of age and sex. Sixty percent of the control subjects were male, and the average age was 47 years (range, 16--77 years). This process was approved by the University of California, San Francisco\'s Committee on Human Research.

VLs were determined at the National Genetics Institute (Los Angeles, CA) for 153 serial plasma specimens from the 31 donors. The index donation and 3- 4 follow-up specimens from each donor were available for VL analysis. Sixty-two samples were collected in 2003, and 91 samples were collected in 2004. RNA was extracted, reverse transcribed into cDNA, amplified, detected by Southern blot, and quantified by interpolation of the signal intensity versus the signals produced by a dilution series of viral stock.

Serological testing of plasma for WNV IgM/IgG was performed using ELISA kits (Focus Diagnostics) in accordance with the manufacturer\'s instructions. Samples that tested positive for anti-WNV IgM/IgG were sent to the Centers for Disease Control and Prevention for plaque-reduction neutralization testing (PRNT). Plasma proteins in 18 of 31 panels described above were measured by human Th1/Th2 cytokine, inflammation, and chemokine cytometric bead array (CBA) kits (BD Biosciences) in accordance with the manufacturer\'s protocol. Insufficient residual volume was available for the remaining 13 panels. Detection limits were 2--5 pg/mL. Results were generated using BD CBA analysis software. IFN-α was assayed using human IFN-α serum sample ELISA kits (R&D Systems) in accordance with the manufacturer\'s high sensitivity protocol. Sensitivity was 5--500 pg/mL. Plasma was diluted 1:2 in PBS.

Unless otherwise stated, the Mann-Whitney rank sum test (nonparametric) for 2 independent populations was used for statistical analysis via SPSS software for Windows, version 13.0 (SPSS). A *P*value of ⩽.05 was considered significant.

***Results***. All 31 donors had seroconverted to WNV IgM by the time the second follow-up specimen was collected. The mean times between the index donation and follow-up phlebotomy were 4.8 days for the first follow-up specimen, 12.9 days for the second, 20.5 days for the third, 30.9 days for the fourth, and 63.8 days for the fifth. The first follow-up specimen was obtained 1--9 days after the index donation, and the second follow-up specimen was obtained 6--19 days after the index donation. ELISA revealed that the index and first follow-up specimens from 3 of 31 viremic donors were weakly reactive to anti-WNV IgG antibody, despite nonreactive WNV IgM results ([table 1](#T1){ref-type="table"}). Index donations in the remaining 28 donors were not reactive to anti-WNV IgG antibody, and IgG followed IgM seroconversion with increasing ELISA signal-to-cutoff ratios. IgG seroconversion was further evaluated by PRNT for donors whose index specimens were reactive to anti-WNV IgG antibody. This analysis demonstrated detectable levels of WNV-neutralizing antibodies that coincided with the second IgM-reactive follow-up specimen. Neutralizing antibodies for a related arthropod-borne virus, St. Louis encephalitis virus, were undetectable in 2 of 3 donors whose index donation tested positive for anti-WNV IgG antibody. For the third such donor, the first follow-up sample had neutralizing antibodies to St. Louis encephalitis virus but no neutralizing antibodies to WNV. In the second follow-up specimen from this donor, neutralizing antibodies to WNV (titer, 1:2560) and St. Louis encephalitis virus (titer, 1:5120) were present ([table 1](#T1){ref-type="table"}).
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Serial test results for 3 blood donors infected with West Nile virus (WNV).
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VLs were measured in 128 (79%) of 162 specimens from the 31 WNV-infected donors. In 5 donors (16%), the VL in the index donation was lower than the VL in the first follow-up specimen, whereas in 26 donors (84%), the VL in the index donation was greater than the VL in the first follow-up specimen. As seen in [figure 1](#F1){ref-type="fig"}, the majority of donors had decreasing VLs in the absence of detectable IgM/IgG seroconversion. Furthermore, in 12 (46%) of the 26, the decrease in VL from index donation to first follow-up IgM-negative specimens was 2--3 logs.

![*A*, Levels of West Nile virus (WNV) RNA and WNV-specific antibodies for 26 WNV-infected blood donors with decreasing viral loads before IgM seroconversion (12 donors from 2003 and 14 donors from 2004). The *dashed line* represents the cutoff for the ELISA. A signal-to-cutoff ratio of \>1.10 is positive for the presence of IgM antibodies to WNV. *B* and *C*, Levels of cytokines and chemokines in 194 control plasma samples (IFN-α testing was limited to 29 samples) and in plasma samples obtained from 18 West Nile virus-infected donors before (36 samples) and after (58 samples) IgM seroconversion. Outliers *(circles)* were identified by SPSS software for Windows, version 13.0 (SPSS), as samples with values ⩾1.5 times the interquartile range. *Boxes*, median values and interquartile ranges (outliers are included); whiskers, minimum and maximum values (outliers are not included). \**P* \< .05 (outliers are included).](198-7-979-fig001){#F1}

Ninety-four longitudinal plasma samples from 18 donors were screened for cytokine and chemokine levels by CBA ([figure 2](#F2){ref-type="fig"}, which appears only in the electronic edition of the *Journal*). A total of 36 specimens (i.e., the index donations plus the first follow-up specimens) were collected before IgM seroconversion, whereas 58 specimens (60%) were obtained after IgM seroconversion. The mean times between the index donation and collection of the first, second, third, and fourth follow-up specimens were 4.8 , 12.9, 20.5, and 30.9 days, respectively.

![Levels of cytokines and chemokines for 18 donors infected with West Nile virus, by time after the index donation.](198-7-979-fig002){#F2}

Findings of statistical analyses of the median values for each cytokine and chemokine are summarized in [table 2](#T2){ref-type="table"}, which appears only in the electronic edition of the *Journal*. Median levels of IFN-α, IFN-γ, IL-4, IL-10, TNF-α, CCL2 (also known as \"MCP-1\" \[monocyte chemoattractant protein-1\]), CXCL9 (also known as \"MIG\" \[monokine induced by IFN-γ MIG\]), and CXCL10 (also known as \"IP-10\" \[IFN-γ-inducible protein-10\]) were significantly increased in acute-phase viremic samples obtained before IgM seroconversion, compared with those in control specimens (*P* \< .05). In samples obtained after IgM sero-conversion, IFN-γ, IL-4, IL-10, TNF-α, CCL2, CXCL9, and CXCL10 levels were significantly increased, compared with those in control specimens (*P* \< .05). Interestingly, IL-2 and IL-6 levels in samples obtained before and after IgM seroconversion samples were significantly less than those in control samples (*P* \< .05). The most biologically significant results (i.e., those with a difference of at least \~2-fold between medians; *P* \< .05) are plotted in [figure 1*B*](#F1){ref-type="fig"} and [1*C*](#F1){ref-type="fig"}. Comparison of levels of IFN-α, IFN-γ, IL-4, and TNF-αrevealed significant, \~\';2-fold increases between control specimens and samples obtained before and those obtained after IgM seroconversion (for IFN-α, the only significant difference was found between control specimens and specimens obtained before seroconversion). Despite the statistically significant \~2-fold decreases in IL-6 expression between the control specimens and the specimens obtained before and after seroconversion, findings were not as impressive as those for other cytokines, owing to overlaps in interquartile ranges. On the other hand, comparison of CCL2, CXCL9, and CXCL10 levels revealed significant, \~2- to 5-fold increases between control specimens and specimens obtained before and after IgM seroconversion.

###### 

Comparison of cytokine and chemokine levels among control plasma samples and plasma samples obtained from 18 West Nile virus-infected donors before and after IgM seroconversion.
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Comparison of the median cytokine levels in samples obtained before IgM seroconversion with those in samples collected after IgM seroconversion revealed that CXCL10 and CCL2 levels in the former were significantly greater than those in the latter (difference, \~\';1.5-2.5-fold; *P* \< .001) ([table 2](#T2){ref-type="table"} and [figure 1*C*](#F1){ref-type="fig"}). Collectively, our results identify novel IFN and IFN-induced chemokine signatures temporally associated with a decrease in the VL during the acute viremic phase of infection.

***Discussion***. A total of 245 WNV-confirmed blood donors identified by NAT throughout the Blood Systems network were enrolled into our 2003--2004 follow-up studies. Of these 245 donors, 31 (13%) had nonreactive IgM results in both the index donation and the first follow-up specimen. We sought to determine acute-phase VL dynamics and corresponding serologic characteristics and cytokine and chemokine levels in these donors. Surprisingly, most donors demonstrated a decrease in VL during the preseroconversion stage of infection. A limitation in our study was the use of commercial WNV IgM/IgG assays that did not detect antibodies in immune complexes.

Before the spread of WNV, St. Louis encephalitis virus was the most common cause of arboviral encephalitis in North America \[[@R6]\]. Furthermore, WNV and St. Louis encephalitis virus are antigenically closely related \[[@R7]\]. These facts almost certainly explain our observation of "original antigenic sin" by PRNT analysis in the donor with robust St. Louis encephalitis virus neutralization concomitant with ostensibly preexisting WNV-specific IgG. On the basis of PRNT analysis, findings for the other 2 donors with non-IgM reactive index donations in the presence of IgG probably represent false reactivity or exposure to other flaviviruses.

In the majority (84%) of donors studied, VLs were decreasing before IgM development. Furthermore, in 13 (42%) of the donors, the decrease in VL from the index donation to the first follow-up specimen was 2--3 logs. Because of length biasing, the probability that data from the 5 donors with an increasing VL represent the "true" viral replication rate during the ramp-up phase of viremia is very low and therefore not presented.

Type I IFNs, such as IFN-α and β, are critical to innate immune responses against viruses and act in concert with IFN-γ in the activation of antiviral IFN-stimulated genes and the immunomodulation of innate and adaptive immunity \[[@R8]\]. The donors in this study exhibited significant up-regulation of IFN-γ during the acute viremic phase (i.e., before IgM seroconversion) and after IgM seroconversion, compared with median plasma levels in IFN-γ in control specimens ([table 2](#T2){ref-type="table"} and [figure 1*B*](#F1){ref-type="fig"}). Also, IFN-α levels in donor specimens were higher than those in control specimens only before IgM seroconversion, which is indicative of an early period of IFN-mediated proinflammation and antiviral host immunity. The similar expression patterns of up-regulated TNF-α and IFN-γ in infected blood donors was not surprising, given their linkage as proinflammatory mediators and roles in the pathogenesis of WNV encephalitis \[[@R3], [@R9]\]. Concomitant increases of IL-4 in plasma samples obtained before and after IgM seroconversion was unexpected because humoral immune responses in specimens obtained before IgM seroconversion are not detectable by commercial serology kits ([figure 1*B*](#F1){ref-type="fig"}). IL-4 has recently been associated with immunogenic responses in a WNV subunit vaccine study \[[@R12]\]. IL-4 may therefore function in an immunoregulatory role during acute infection, to counterbalance proinflammatory T cell-mediated immune responses and support early humoral adaptive immunity. Indeed, blood donors in this study were in the earliest stages of WNV infection and appeared otherwise healthy at the time of donation.

In [figure 1*C*](#F1){ref-type="fig"}, median plasma levels of CXCL10 and CCL2, both stimulated by IFNs, were strikingly increased before IgM seroconversion, compared with controls; levels of both chemokines decreased after IgM seroconversion. We did not observe a similar decrease in CXCL9 levels following IgM seroconversion, although CXCL10 and CXCL9 share the same receptor (CXCR3). Disparate regulation of CXCL10 and CXCL9 has been noted in studies of herpes simplex virus type 1 and the agent of SARS, suggesting that CXCL10 and CXCL9 play nonredundant roles in acute viral infection \[[@R13], [@R14]\]. CXCL10 is a potent chemoattractant for activated Th1 lymphocytes (adaptive immunity) and natural killer cells (innate immunity), whereas CCL2 is a monocyte and basophile chemoattractant (innate immunity). Therefore, CXCL10 and CCL2 are important host response mediators, with CXCL10 in particular thought to play a role in the temporal development of innate and adaptive immunity in concert with IFNs. In murine models of WNV infection, CXCL10 has been shown to play a neuroprotective role \[[@R15]\]; however, recent results have argued that early CXCL10 expression (preceding IFN-γ) and other chemokines may trigger inflammation and neuropathological conditions \[[@R9]\]. Our study suggests a role for CXCL10 in the control of early acute WNV viremia. The temporal and site-specific relationships between persistent CXCL10 expression and neuropathological outcomes during infection remain to be determined.

In conclusion, we suggest that vigorous immune responses, primarily associated with robust and concurrent expression of IFN-α and IFN-γ and high levels of IFN-stimulated chemokines, are involved in the initial control of viral replication during early infection. Decreasing VLs in blood donors with acute WNV infection, corresponding with elevated levels of type I and II IFNs and IFN-induced chemokines, followed by down-regulation of CCL2 and CXCL10 upon IgM seroconversion, may denote the critical role of IFN-mediated innate and adaptive immune responses in resolving acute viremia during WNV infection.

Potential conflicts of interest: none reported.

Presented in part: 2005 Annual Meeting of the American Association of Blood Banks, Seattle, WA (oral presentation S4-030B).

Funding sources: Centers for Disease Control and Prevention (grant R01-Cl-0002140; NIH/NIAID (contract HHSN266200400066C); Canadian Institutes of Health Research.
